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Summary

187 SUB-CABLE
The 30-MJ energy storage coil for the Bonneville
Power Administration requires a low-loss, <ryostable
conductor that is able to carry 4.9 kA in a field of
2.8 T and will maintain its properties over 108 partial
discharge cycles. The mlti-level cable which
satisfies these requiremants has been extensively
tested at various stages in its development and in {ts
final form. Tests have bevn performed to determine the
effect of manufacturing options on ac losses, low
temperature electrical resistivity, stability, and
fatigue resistance of the {insulated conductor, This
paper will concentrate on the stability and fatigue
tests which have not previously been reported.

CUPRPER

SUPEFRCONDULTOR
COMPOSITE

Introduction

The final set of tests, undertaken to insure that
the conductor for the 30-MJ System Stabilizing Magnet
for the Bonneville Power Administration (BPA) will per-
form as specified, 18 described. Design requirements
for the conductor are set by the coil pertormance,
Table 1. The «conductor configuration {s shown In
Fig. 1 and specified tn Table Il. Previous publice-
tions  have dlscussed the {mpa t of fabrication optlions
on conductor performance! and measurement of the ac
loss chacacteristices  of this  configuration.?
Described here are siability teatsn which show that the
conductor, as mounted f{n the coirl, will be cryostable
at a current of 7 kA, well above the required 5 kA.
Further tests, also described, ahow that the conductor,

Fig. 1. Low=loss crrostable ca™le for 30=MJ coll.

and particularly the Mylar tape electrical fnaulatton, TABLE 11
will withstand the required mumber of load cycloen, CONDUCTOR SPECIFLCATIONS FOR 10=MJ COIL,
Information {8 also presented on acceptance testing for
copper ard superconductor, A.  Superconductor Composfte Core
Area of NbT1, mm? 4,85 x 1072
Filament dfameter, pm 6.5
Nurber of {{lamentw l4oh
Strand diametor, »m 0.511
Cu to NbTL ratio 2.94:1
Twint pieeh, mm Hel)
TABLE 1 B Firut Subeable
DESIGN PARAMETERS OF THY 30-MJ SYSTEM (81x copper wives cabled
STABILIAING SMES UNDT about one core)
Uncompacted dianeter, mm 1eh2
. f Compacted diameter, mm 137
3::1::T":":::q““31;tla;y' M (,.a: 9v«rnll Cu to NOTE ratio . .2h.l:l
Maxtimim stored energy, Ml 30,0 . v%\{lull ;:I'l(:h. mm, and direction [N HE AN
Interchange onergy, Ml 9.1 sro vt Subeable
Cotl current at full charge, kA ALy (six firnt wubeablen around
Maximm cofl terminal voltage, kV 2olb a mtranded, fnualated
Cotl oprrating temperature, K hah copper ¢ere)
Co:l Iifetime, cyclon >toM !Hm“"“’r’ mm holl
Meat load at a.s'x‘ W <150 Pwint pttehy mm, and direct fon Y9, Rolt,
Mean cotl diameteor, m 1.0 lusulat ton type Mylar, adhentve
Innulation wtze, mm Ouh x 0,4
Inunlatton piteh, mm, and dirvection LR IS T

D Fivtahed Conductor
CTen nocond mubeablen around

" . .
Work performed under Lhe aunpicon of the
a Mylar strlp)

e 8. Dept. of Energy.

Strip dimennton, mm 1% = 0,2%
Conduetor dimennton, mm 2%6 x 7.6
Twint ptteh, mm, and dirvection 2005 Lo,



a

Quality Control and Acceptance Tests

To ccnstruct the coil we purchased 6.4 x 10° m of
superconducting composite core from Magnetic
Corporation of America. Specifications called for the
wire to carry at least 110 A at 4.2 K and 3.0 T as
measured at & senritivity of 1 x 10712 g-cm, which
would cause the poorest plece of wire to operate at 80%
of specification along the load 1line. The wire as
received carried (125 * 11) A under specified condi-
tions, as measured on 64 random samples.

A compacted first subcable requires 5.04 times as
much copper as composite core. Accordingly, we pur=-
chased 3.5 x 10 m of 0.511 mm PDOF copper wire. Wire
as received and re—annealed had a RRR of 321 t 25, as
measured on 21 samples at 4.0 K. After compaction, the
first subcable must be anncaled at 325° C for 2 hr; a
temperature of 300° C produces inadequate annealing and
a temperature of 350° C will begin to damage the super-
conductor. As a QC measure, one sample from each
annealing lot will be subjected to critical current and
RRR tests for comparison with the initial values.

Stability Tests
Experinent

Preliminary experiments had indicated that
relatively small gaps in an Insulating wrap on a cable
were very ~ffective in permitting heat transfer to the
liquid heliume Mylar strip, 0.25-in. wide, 0,005-in.
thick, perforated with two staggered rows of 1/16~in.
holes on 1/B-{n., centers, appeared to provide suffi-
clent ve. tilation while simultaneously preveuting
accidental contact between second subcables. Much of
the data presented here were taken using such insula-
tion., As a result of these measurementy, 1t s  felt
that the advantage of perforated strip is not enough to
overcome the larpe additional expense of perforation
and the fabrication problems produced by the lack of
adhesive on the sdtrip. Therefore, additional runs,
{including that on the 9 kA conductor itself, were per-
formed using unperforated, adhestve backed, 0,005-in,
thick, 0.25~{n. wide, Myiar tape.

Experiments and  ana.ysis  have been previously
desertbed o detafl.? In the majority of tests, the
gample  consinted of a 10=to=-19% meter length of second
gut, ahle wound onto a eylindrical  G-10 maadrel, as
shown  in Flge 2. Except for the 15% angle which the
second  subcables meke with  the conductor axfs  n
Fig. 1, the geometry of Fige 2 closely simulated the
heat trannfeor enviroument of the cables a8 they are
mountad  in the 30-MJ conls The aample length was
usually divided fnto several regltons, each consisting
of five turny around the mandrel and each utilizing a
different  inwulation aAystem. For dnetance, Flg. 2
whows a  section of bare cable {n the lowest region, a
cable sectinon fnnulated with porforated atrip with |-mm
gapn  in the central regfon, and a cable wsection
fusulated with htt-wrapped perforated steip (n  the
upper reglons A l=cm length of cable on the third turn
of each roglon wan wrapped with at 8= heator formed of
metal f1lm  laminated botweon Kapton ateips. Voltage
tapn, carelvlly dreased to avold {nducttive plekup, were
spaced along the cable onv-or-two twist pltehen apart,

Samplen  could be wupplied with & current up to
T kA fn a fleld up to 6 To Data for heater current,
nample curren., and voltage acroun alx palrs of taps as
functionn of time were rocorded uning a  POP=11/14
computoer and wimnltaneounly, an a  chock, on a
atrip-chart recorder. Thene electrlical meanurements
have an  acecuracy of 2X or 2 uV, whichever In greater,
The primary quantity of Intereat waa the recovery cur-
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Fig. 2. Test assembly for second subcable in simulated
30-MJ geometry. Three support strips and a
surrounding Mylar shell have been removed for
clarity.

rent, defined as the largest current for which a normal
zone would recover when the heater power was removed.
The healer was typically energized for 5 8 at a power
level approximately 10% larger than that required to
form a measurable normal zone. Recovery currents are
usually defined within *25 A,

A number of anomalies previously noted3 tn experi-
ments on cabled conductors were resolved by noting that
our heater arrangement affects the six first subcables
in a very unequal manner. Since, at a current below
the recovery current, the length of a normal zone
depends largely upon the heater input, the normal zones
in the first subcables extend very different dirtances
from the heater. The measured transverrce olectrical
resistivity? 1s small enough to permit sufficlent cur-
rent sharing among the first subcables, but the corre:
sponding thermal resistance {8 large enough to permit
these unequal zones to  persist. Thus, {f all the
voltage taps are not on the same first subcable,
curious patterns of voltage veraus heater power may
appear, including an apparent left-right asymmetry with
respect to the heater. Even with the present precau-
tion of attaching all voltage taps to the same flrst
mubcable, the voltage patterns are not simple to
interpret. For instance, we observe sdtrong current
transfer effects  as {ndividual first subcables carry,
over short distancoes, currents well above or helow the
average value.

Finally, we oceantonally find normal zones which
nelther propagate nor fecay when the heater power 1w
removed.  Such zones are always centered on the heater,
presumably becaune of the relatively poor heat transter
in this  region, and diaplay unusual values of voltage
per unit length, {ndicating unbalanced currents. Thene
rones may be very long in heavily {nwulated samples and
may begin to form at a current considerably below the
recovery current. Thelr existence neoms to be assoel-
ated with especially  poor transverse electrfeal  and
thormal  conductance cauned by a combination of surface
contamination, fowuffictent winding tennfon, and excon-
wively  long  twint pltehe Above the recovery current,
tn all canen, the obnerved cable reststance (s equal to
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that expected from an independent RRR measurement, a
fact which verifies that a true propagating zone has
been observed.

Results

Fig. 3 presents data on recovery current versus
fractional coverage of perforated strip, for the sample
geometry of Fig. 2, at three different fields.
Fractional coverage is calculated using only the gap
between suc.essive turns of strip and does not iaclude
the 20% open area due to the perforations. The nost
striking feature of this data is the relatively small
effect of what is, after all, a rather hefty layer of
insulation. It should be noted that all recovery cur-
rents at 2.8 T are well above both the 30-MJ operating
current of 490 A per second subcable and the critical
current, 750 A at 1 x 10712 g-cm. The points in Fig. 3
sc~tter more than would be expected from experimental
statistics, due to unavoidable variation in insulation
pitch and cable mounting among samples.

The same data are replotted in Fig. 4 as recovery
heat flux, qg» versus fractional coverage, where
qz = 125 /AP. Here, I 1is the recovery current, p the
measured resistivity, and A the copper area of the
second subcable, 1ignoring the copper core which was
disconnected so as not to carry current. For
uniformity in presenting the data, P was taken as the
perimeter of six first subcables, each treated as a
round wire 1.37 mm 1in dlameter. This, presumably,
grossly overestimates the wetted perimeter and thus
makes the absolute heat flux values small compared with
those of other workers. Experimental scatter obscures
any dependence of qp on magnetic field; the data are
consistent with a decrease of 10% {n q;, between zero
and 3 T observed by Wollan et al.b %ur bare wire as
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Fig. 3. Recovery current {n second level cable wa.
percentage of coverage with perforated
atrip. Stmulated BPA geometry,
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Fige 4. Recovery heat flux per first level cable
VR. percentage of coverage with pertforated
strip. Measured on second level cable.
Open polnts = glmulated BPA geometry;
solid points - open geometry.

well as wire losulated with a thin layer of Omega or a
thick wrapping of nylon roving.

Flaure 4 also contafne data taken on a length of
fnaulated wecond subcable mounted In an "oper geometry"
that  provided maximum heitum access to the sample.  In
this cane tnere {8 a dramatic decreane {n g at
coverages  greater than ahout H0X,  An extripolation of
the data leads to the conjocture that the recovery cor-
rent with 1007 coverage might be {ndependent of mupport
structure, an the data of Wollan ot a'c  alao (ndicate,
Thus, the recovery  heat flux la affectod atrongly by
elther tnnulatfon or support structure, but the eltecen
are not additive,



Tests on 0.005-in.
were run only at 887 coverage, that is, 0.040-in.
between turns of 0.25-in. wide tape. Results are
sunmarized in Fige 5 1in which selected points from
Fig. 4 are repeated for comparison. Experiments using
the geometry of Fig. 2 were only sufficient to
establish a lower bound for q,, while experiments on
the 5 kA conductor itself better served to establish

qg*

thick unperforated Mylar tape
gaps

In a final test, a 7-m length of pre-producticn,
5-kA conductor, with the second subcables soldered
together at the ends to form a bifilar sample, was
wound in a single layer on a modified version of the
G-10 mandrel and fitted with support teeth and
insulating strips to match the actual heat transfer
e.vironment in the 30-MJ coil. It was possible to heat
a single second subcable or all ten subcables simulta=-
neously. The latter case should correspond more
closely to the arrangement of Fig. 2, in which all five
neighboring turns are Ariven normal when the zone prop-
agates. When a single second subcable was heated, no
normal zones were observed in neighboring strands
until, at a current rather larger than the recovery
current for the heated strand, the zones were able to
propagate thru the solder joints between the second
subcables. It {s thus possible not only to drive a
single strand normal in a cabled conductor but for it
to remain normal without affecting the other subcables.
The recovery heat flux for the single subcable case was
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Fig. S« Recovery heat flux per first level cable

Ve pereentage of taye coverage for dif-
forent fnnulations and geometriesw. Open
polntn = zero fHeld; closed polnts -

2.8 T. Cirelen are for second level Cable

with poerforated swtelp fnsulatfon and suim-
ulated BPA geomet ry; squares = same sxcopt
Mylar tape fnaulatton; triangles - final
conductor with Mylar tape and realisttic
heat trannfor goometry.
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about 15% larger than that for the case with all sub-
cables normal.

Results for perforated and unperforated insulation
are consistent when plotted on the basis of total
covered area.

Radial Fatigue Test

Mechanically, the weakest part of the conductor is
the Mylar insulation. To control ac losses, it is
important that shorts not develop between secona sub-
cables during the coil lifetime. The only significant
cyclic load applied to the conductor is radial compres-
sion, that {8, pressure normal to the wide face.
Calculations show that the mc:t highly stressed reglon
is 1in the thirteenth turn at the axial midplane, with
the stress depending on the transverse modulus of
elasticity of the counductor. Calculated values range
from 200 psi if E = 1.3 x 10% psi to 420 psi if
E = 2 x 10% psi. The measured conductor modulus
depends to a large extent on mechanical history,
because there 1is a certain amount of "lost motion'" in
th~ as-fabricated material. Preliminary measurements
isndicate a value of E =2 x lO“ psi, so that a test
based on E = 2 x 10°® psi should be conservative.
Cyclic loading at 49 K can be conducted at a rate of
~500,000 cyclec per day, and it 1s necessary to use a
larger load at 108 cycles to simulate the effect of 108
cycles. A study of existing data between 10° and 10°®
cycles for steel, copper, cloth-based-phenolic, and
glass-based-epoxy indicates that a stress multiplier of
1.5 should congervatively cover the worst case,
Therefore, it was decided to cycle the test sample
between a maximum stress of 1.5 x 420 = 630 psi{ and a
minimum etress of 2/3 this value.

was a full-scaie coll section, 4 turns
high in the axial direction, 2 turns thick in the
radial directfon, and 4 {n. long. Electrical leads,
attached to all of the second subeables in svven out of

The sample

elght conductors, were continuously moenitored for
inter-cable shorts as the sample underwent 1.1 x lob
stress cycles while {mmersed in  liquid helium. No

shorty were developed {n this process and no damage was
observed whoen the sample was disagsembled.

Conclusions

The 5 kA conductor shoewn In Fig. | meets or
excoeds  all electrical and mechanical requirenents tor
the 30-MJ colls  Stabflity tests show (a) small gaps (n
an  otherwise thick {psulating layer are very effective
fn ventilatlog a cabled conductor, (b) perforated rape
fs an equivalent method of proviling open area, (o) the
effects of support structure and tape fousulation on
reccvery  heat  flux are not  additive, and (d) it {8
possible to create a normal zone in a single wsecond
subcabl without aftfecting neighboring  subcablos.
There are atill {nternal electrical and thermal phenom-
ena in cablod conductors which need clartffeatton,
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